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u ABSTRACT 

. 

A preliminary evaluation of the Korean Seismologirai Research 

Station Short-Period Array is presented in this report.    Six noise samples 

from November 1974 were analyzed yielding spectral content,   noise ,>.mpHtudec 

multiple coherence,   frequency-wavenumber spectra,   and noise reduction due 

to beamforming.    Analysis of eight Eurasian teleseismic events from Novem- 

ber 1974 included measurements of single-sensor signal similarity and ampH- 

tude variations across the array.    In the beamforming studies,   time-delay 

anomalies,   spectral content,   frequency-wavenumber spectra,   signal de^rada- 

tion,   sig-al-to-noise improvements using various beams,   and m    estimates 
b 

were calculated.    A preliminary estimation of the detectability of Eurasian 

events was also made. 

Neither the Advanced Research Projects Agency nor the Air Force 
Technical Applications Center will be responsible for information contained 
herein which has been supplied by other organizations or contractors,   and 
this document is subject to later revision as may be necessary.     The views 
an.1 conclusions presented are those of the authors and should not be inter- 
preted as necessarily  representing the official policies,   either expressed 01 
implied,   of the Advanced Research Projects Agency,   the Air For   e Techni- 
cal Applications Center,  01  the   US Government. 
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SECTION I 

INTRODUCTION 

The Korean Seismological Research Station (KSRS) Short- 

Period (SP) Array was designed and implemented to aid in the detection and 

discrimination of Eurasian events.     This report presents the results of a 

preliminary evaluation to: 

• Determine the array's noise and signal characteristics 

• Determine the best processing methods for enhancing the 

signal-to-noise ratios (SNR) of Eurasian events 

• Determine the array's detection capability for Eurasian events. 

The KSRS SP array,   positioned about 110 kilometers (km) 

southeast  of Seoul,   Korea and shown in Figure 1-1,   consists of 19 short- 

period vertical seismometers and has an aperture of approximately 9 km. 

Figure 1-2 illustrates the arrangement of the seismometers;  seismometer 1 

is located at 37° 29' N latitude and 127° 54' E longitude. 

The data base,   discussed in Section II,   was taken from the 

periods 29 April  197 3 to 26 July 1973 (eight-hour recordings every other day) 

and 1 November  1974 to 30 November 1974 (continuous data). 

Noise was sampled once each day during the time of least reported 

seismic activity.    Section III discusses the spectral content,   root-mean- 

squared (RMS) noise amplitudes,   multiple coherence,  high-resolution frequency- 

wavenumber (f-k) spectra,   and noise reduction (due to beamforming) for six 

representative samples. 
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The cjiwuirW bulletin lists from NORSAR,   LASA,   and NOAA 

yielded 123 Eurasian teleseismic events above rn   = 3, 0 for the above t;i-ne 

periods; KSRS had useable data for 36 of these events.     Analysis of eight 

large events,  presented in Section IV,   estimated single-sensor signal sim- 

ilarity and amplitude variations.    Beamforming results are discussed with 

regard to time-delay anomalies,   spectral content,   f-k spectra,   signal degra- 

dation,   SNR improvements using different beams,   and KSRS m    estimates. 

A very preliminary estimate of the detectability of Eurasian 

events is given in Section V,  where detection threshold magnitudes were esti- 

mated by a maximum likelihood procedure from the detection data for the 36 

events. 

A summary of results and conclusions are presented in Section 

VI.    References are listed in Section VII. 
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SEC! ION II 

DATA BASF 

Data w«r« available from 29 April  197 3 to 26 July : 97 i Ul 

eight-hour segments taken every other day and during the entire month of 

November  1974.    A  search of the NORSAR,   LASA,   and NOAA bulletins pro- 

duced   bS  Eurasian events from 197 i and 55 from 19'-4.     TwenU-four events 

could not be edit-d due to parity and timing errors.    Data from only  56 t vents 

were useable; the other events were eliminated because of spikes and clipping. 

All but two events occurred during November 1974. 

Table II-1 lists the event parameters.     Twenty of the   i6 events 

were detected visually.     Ten events had SNR's less than 1.0 dB and eight 

events had SNR's greater than 5,0.     These eight events,   five from the Caspian 

Sea-Greece-Turkey region and three from the Kamchatka region,   constitute 

the samples used in the subsequent signal analv^es and are shown in Figure 1-1. 

Each signal sample was 204.8 seconds in duration. 

Noise was sampled once each day during the time of least report, d 

seismic activity.    Nineteen useable noise samples,  of a maximum duration of 

640 seconds,   were ob'ained from the November 1974 data.     Table II-2 lists 

the parameters for the noise samples of which six were analyzed in detail. 

Data quality of the useable signal and noise samples was very 

good; on the average 17 sensors were operational at any given time.    Sensor I 

6,   7,   10,   16 and  17 were responsible for the majority of the data losses.    Data 

from the remaining sensors contained few,if any,spikes or clipped peaks. 

II-l 
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TABLF II-l 

EVENTS ANALYZED 

Designation Date OiginTimc Lat. Long. mb Depth Source Delta Comment 

GTU/lZi/OlK 05/01/74 01.22. 11 38. IN 019. 8E 4.0 32 P 79. 53 ND 

GTU/U7/07K OS/07/74 07.41.11 37. IN 029. 9E 3.9 13 L 73,79 ND 

CTU/106/02K 11/02/74 02.47.12 15. 9N 0 30. 2E 3.9 33 L 74.28 ND 

SKA/ 106/02K 11/02/74 02.59.51 51. 9N 160. 4E 4.6 48 P 27.61 SNR<   1.0 

CENM07,/10K 11/0 1/74 10.27. 17 44. IN 084. 0E r-.4 33 I. 33.46 SNR=    2.5 

CAS/30q/iOK 1105/74 20.02.22 36. 2N 052. 8E 4. 5 68 P 58. 19 SNB=    1.4 

CAS/ 110/04K ll/0b/74 04.40.57 42. 6N 044. IE 4.7 11 L 61.50 SNR<   1.0 

SKA/Ml/liK 11/07/74 15.01.25 50. 9N 156. IE 4.4 11 P 24. 14 SVR=07. 2 

NKA/ J11/20K 11/07/74 20.02.51 55. 7M 164. 4E 4.7 42 P 10.41 SNR=    9.9 

CEN/J14/04K 11/10/74 04. 11.45 39. 3N 07 3. 9E 4.8 11 P 41. 72 SNR«.    1.0 

CEN/il4/06K 11/10/74 06.55.51 31.5N 086. 4E 4. 5 11 P 14.44 SNR<   1.0 

NKA/316/0«K 11/12/74 03. 16.40 52. 7N 162. 6E 3. 9 60 L 28.42 ND 
C:AS/317/02K n/iJ/74 02. 36.26 4':.7N 046. 6E 5. 1 42 P 59.91 SNR    10. 5 
GTU/J18/12K 11/14/74 12.41.28 18. 6K 023. 2E 4. 1 12 P 77. 15 SNR<   1.0 
CTU/318/UK 11/14/74 14.26.46 18. SN 023.OF 5. 1 11 P 77. 11 SNR^ 16. 0 

GTU/318/1SK 11/14/74 15.29.45 18. 5N 023. IE 5.0 24 P 77.27 SNR= 17. 5 

SKA/118/20K ll'14/74 20. 12.45 49. ON 155. 8E 4. 1 11 L 21. 16 SNR<   1.0 
GTU/318/22K 11/14/74 22.01. 39 40. 7N 019. 2F 4.0 11 L 78.22 ND 
CEN/320/16K lim/74 16.18. 37 12. 8N 076. IE 4.8 61 P 42.08 SNR<   1.0 
SIR/i21/lSK 11/17/74 IS. 04. 48 12. 8N 055. IE 5.2 41 P 58. 2^ ND 

CAS/321/1SK 11'17/74 IS.05. 54 11.4N 052. 7E 5. 7 33 L 59.71 SNR    14. 1 
SKA/J21/17K 11/17/74 17.24. 10 54. 5N 159. IE S.O 11 L 27. 17 SNR       S. 2 
NKAM22/07K 11/18/74 07.16.0'. 55. IN 161.9E 4.6 33 P 28.96 SNR<   1.0 
CAS/322/UK ll/18/74( 11. 13. 30 42. 6N 047. IE 1.8 33 L 59.64 ND 
NKA/J24/0SK 11/20/74 05.40. 34 54. 8N 164.OF 1.6 31 L 29.89 ND 

f AS/ Ub/OIK 11, 22/7-1 0I).05.07 IT.iM 048. '»F 4.2 11 I. 60. 57 ND 
CAS/J27/0JK 11/21/74 03. 32. 36 44. 7N 054. IE 4. 1 11 L 54. 16 ND 
GTU/327/01K 11/21/74 09.20.55 19. IN 022. 7F 4.0 11 L 77.02 ND 
SKA/128/08K 11/24/74 08. 31. 38 51.7N 159. 6E 4.6 11 L 27. 10 SNR<   1.0 
SKA/328/lfeK 11/2-, .'-4 16.16. 35 48. 3N 157. IF 4. 1 11 L 21. 76 ND 

SKA/iJl/UK 11/27/74 11.13. 14 52. 9N 158. IF 1. 1 11 L 25.95 ND 
CAS/m/lfcK 11/27/74 16.52. 50 35. 3N 045. 7E 5.0 SO P 61.92 SNRr 17.9 
CEN/522/14K 11/28/74 14.57.44 39. 5N 075. 5E 4. 5 11 P 40.47 SNR<   1.0 
GTU/1U/09K 11/29/74 09.58.40 36. 4N 023. IE 1. 2 11 L 78. 57 ND 
SKA/ n4/05K 11/ 10/74 05. 59. 12 47. 9N 155. 3E 1. 7 11 L 22. 50 ND 

SKAM14/10K 11/10/74 10. 30.40 52. 9N 158. IE 4.2 11 L 25.95 ND 

P = NOAA Bulletin     L = SDAC/ LASA Bulletlr.     ND x Nondetection     SNR ■ Signal-To-NoUe Ratio (dB) 
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TABLE II-2 

NOISE SAMPLES 

Designation Date Edit Time 

NOI/305/05K 11/01/74 05. 30.00 

NOI/i07/07K 11/03/74 07.00.00 

NOI/ 308/08K 11/04/74 08.00.00 

NOI/ 310/10K 11/06/74 10.00.00 

NOI/312/UK .1.1/08/74 12. 30.00 

NOI/314/21K 11/10/74 21.00.00 

NOI/315/17K 11/11/74 17.00.00 

NOI/317/09K 11/13/74 09.00.00 

NOI/318/09K 11/14/74 09.00.00 

NOI/320/14K 11/16/74 14.00.00 

NOI/321/16K 11/17/74 16. 10.00 

NOI/322/1GK 11/18/74 10.00.00 

NOI/325/06K 11/21/74 06.00.00 

NOI/326/13K ll/22/74 13.00.00 

NOI/327/06K 11/23/74 06.00.00 

NOI/328/15K 11/24/74 15.00.00 

NOI/330/20K 11/26/74 20.00.00 

NOI/332/11K 11/28/74 11.00.00 

NOI/333/14K 11/29/74 14. 30.00 
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SECTION III 

NOISE ANALYSIS 

A. INTRODUCTION 

This section deals with the KSRS noise field study and is 

based 01 six noise samples taken in November 1974:    samples NOI/305/05K, 

NOI/315/17K.  NOI/318/09K,  NOI/321/16K.  NOI/327/06K.  and NOI/333/14K. 

The objective of the study was to characterize the noise field at KSRS to more 

effectively use signal-enhancement techniques to improve array detection 

performance.    The analysis included the following computations: 

Spectral content 

RMS amplitudes 

Multiple coherence 

High-resolution frequency-wavenumber spectra 

Noise reduction by beamforming. 

The data available covered about one month.    Accordingly,  time variability 

of the noise was not studied in this report. 

B. SPECTRAL CONTENT 

Power spectra were computed by a-eraging at least 80 cross- 

power spectral matrices from individual contiguous 6. 4-second (128 data 

] points) Fourier-transformed segments.    The power densities were  corrected 

for instrument response and are relative to 1 m\x   /Hz. 

III-l 



Figure IJI-1 presents the instrument-corrected single-sensor 

power spectrum for sensor 1 averaged over the six noise samples with computed 

standard deviations at certain frequencies.     The maximum power density at 

0. 16 Hz is in the frequency range where the earth's normal microseismic peak 

occurs.     A second peak at 3. 2 Hz,   30 dB lower than the peak at 0. 16 Hz,   was 

observed and is discussed in subsection III-E.     This peak was not found in the 

NORSAR spectra (Ringdal and Whitelaw,   1973).    Standard deviations of the spec- 

tral powers were less than  3 dB except at 0. 47 Hz. 

Figure III-2 shows the average spectrum across the  19 sensors 

of the array for sample NOI/315/17K.    A maximum variation of about 4. 5 dB 

occurred at 0. 16 Hz (which is a true spectral peak as instrument response h.-s 

been removed from the data).    In general,   values below 2 Hz had smaller varia- 

tions than those above 2 Hz,   with the exception of values near 0. 16 Hz.     The 3. 2 

Hz peak in Figure III-2 is  similar to that in Figure 1II-1. 

To summarize,   the average noise power spectrum over the six 

samples and over all sensors i-  shown in figure III-3.     The noise   characteristics 

are consistent with the presence of high values in the 6-second microseismic 

band and of a minor p^ at 3. 2 Hz.     The noise power variations across the array 

were less than 3 dB in the principal band (0. 5-3. 5 Hz) of interest.    Greater varia- 

tions at higher and lower frequencies were observed. 

C. RMS N013E AMPLITUDES 

RMS noise amplitudes were computed for all six fample ,. 

Table III-l  gives the results uf the computation of averaged single-sensor 

amplitudes and infinite-velocity beam amplitu: es for 204.8 second data seg- 

ments.     Results for both unfiltered and filtered data are presented.    In the 

absence of an optimum filter for the KSRS array,   the NORSAR optimum filter 

(Barnard and Whitelaw.   1972) was used.     The standard-filter response is 

III-2 
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TABLE II1-1 

RMS AMPLITUDES FOR SIX NOISE SAMPLES 

I 

Single- •Sensor Infinite-' Velocity 

Noise 
Sample 

Average Beam 

Unfiltered Standard- Unfiltered Standard- 
(m/i) Filtered (m//) Filtered 

NOI/305/05K 9. 5 1.8 2.1 0, 3S 

NOI/315/17K 9.6 1.8 1.7 0.41 

NOI/318/09K 7. 1 1.3 1.5 0. 31 

NOI/321/16K 14.7 1.7 2.7 0. 38 

NOI/327/06K 18.8 1.7 2. 5 0. 34 

NOI/333/14K 6.0 1.4 1.4 0. 31 
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shown in Figure III-4.    All RMS amplitudes were calculated using data un - 

corrected for instrument response and are relative to 1 Hz; hence,   the actual 

ground-motion RMS amplitudes are higher than those in the tahle because 

the dominant noise energy is below I Hz. 

The RMS amplitudes for single sensors ranged from 6 mU to 

approximately 19 mU for the unfütered data and from 1. i mM to  1. 8 mM for 

the standard-filtered data.    For the infinite-velocity b.amformed noise.   RMS 

amplitudes ranged from 1.4 mM to 2.7 mM for the unfiltered data and from 

n. 31 mn to 0.41 mufor the standard-filtered data.    Beamforming and filtering 

were seen to have minimized the noise amplitude variations suggesting that 

the vacations were mostly due to the low frequency surface waves around 0. 16 

Hz.    However,   similarüy calculated RMS noise levels from NORSAR were 

typically 0. 12 mM,   a factor of three lower than the KSRS filtered beam noise 

levels (Barnard and Whitelaw,   1972). 

D. MULTIPLE COHERENCE 

Multiple coherence between sensor 1 and the remainder of the 

array was computed for a number of cases (Texas Instruments.   Inc. .   1971). 

Sample results for two cases are presented here.    Figure III-5 shows multiple 

coherence as a function of frequency for sample NOI/315/17K.     Curve A was 

computed by correlating sensor  1 with the rest of the inner ring (sensors 2-7). 

and curve B by correlating sensor  1 with part of the outer ring (sensors 8-13). 

The two cases used the same number of sensors in order to make possible a 

comparison of coherence for different spatial separations. 

Coherence was higher for tne inner ring with a diameter of 4. 5 km. 

than for the outer ring with a diameter of   9  km.    At frequencies higher than 

0. 5 Hz and  for an array diameter of   9 km.  the coherence was relatively low; 

hence,   for effective signal enhancement,   elimination of low frequency noise 

energy (less than 0. 5 Hz) is essential. 
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Figure III-6 shows the results of the same computations for 

sample   NOl/ 327/06K which had the highest RMS amplitudes.    Similarity 

between the two noise samples is pronounced.    Computations of coherence 

using other sensor geometries gave results similar to these for all samples. 

E. FREQUENCY-WAVENUMBER SPECTRA 

This subsection describes the analysis of the frequency- 

wavenumber spectra of the noise samples (Texas Instruments,   Inc.,   1971), 

The f-k spectra were computed at 0. II,   0.47,  0.94,   and  3. 3 Hz.    Due to the 

face that the diameter of the array (9 km) was less than one wavelength at 0. 16 

Hz,   the spectrum was not significant, and,   therefore,   the microseismic peak 

energy was not examined by this method. 

Figure III-7 illustrates an f-k spectrum at 0. 31 Hz for sample 

NOI/315/17K,   where phase velocity ranges from 2 km/sec at the edge to infinity 

at the center.     The figure shows? energy propagating from 197    with a   3. 4 km/ 

sec velocity,   that of Rayleigh waves.     The -3 dB contour indicates that the noise 

source was diffuse.    The i-k spectrum also suggests a secondary  surface wr ve 

source from the northeast,   6 dB lower than the principal source. 

Figure III-8 shows an f-k spectrum at 0,47 Hz for the same 

sample.     The principal peak from the southwest and the secondary peak,   5 dB 

lower than the principal peak,   from the northeast  are in agreement with those 

of the 0. 31  Hz spectrum.    Slight azimuthal variations were probably caused by- 

scattering.     The consistency is further demonstrated in Figure III-9 where the 

f-k spectrum at 0.94 Hz is shown. 

The f-k spectrum at  3. 3 Hz indicated that the noise causing this 

spectral peak was random. 

Table III-2 summarizes the results of the f-k spectral study for 

the six noise samples.    Results at frequencies up to   0. 94   Hz suggest that 

noise in the low frequency band of   0. 31-0. 94 Hz is composed of Rayleigh- 
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TABLE III-2 

SUMMARY OF f-k SPECTRAL ANALYSIS FOR THE 
SIX NOISE DATA SAMPLES 

(P^GE   I OF 3) 

Noise 
,SmnpU 

Frequency 

(Hz) 

o 

0 

X 

0 

0. »1 

0. 47 

0. ^4 

i. iO 

0. 51 

0. 47 

n. 94 

Peak 
Azimuth 
(Decree) 

- i an 
Aziinuthnl 

Rnnpe 
(Octree) 

Velocity 
(km/ MC) 

250 

1. 50 

222-282 

24b 222-282 

81 

2^7 

197 

2 57 

72 

52 

42-112 

9-271 

12-116 4.2 

2.6 

5.6 

6.0 

158-246 3.3 

3. 5 

romments 

Rayleigh Mode 

Rayleifih Mode 

-1 dB peak  at 2 50   and 

kin/sec. 
Rayleigh Mode 

-1 dB peaks at various 
azimuths and velocities. 
Random noise. 

Rayleigh Mode 

-1 dB peaks at 165    and 
5. 3 km/sec and at 80    and 
3. 6 km/sec. Rayleigh Mode 

-1 dB peak  at   255    and 
5. 3 km/sec. 
Rayleigh Moae 

15.0 -1 dB peaks at various 
azimuths and velocities. 

Random noise 
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mode surface waves propagating from the southwest and northeast.    Clear 

separations of wavenumber peaks with a common azimuth such as found at 

LASA (Haubrich and McCa.r.y,   1969) were not seen in the spectra.    Conse- 

quently,   identification of Rayleigh-wave fundamental and higher modes was 

not possible.    Energy at the 3. 3 Hz peak (which is 25-30 dB below the 6-sccond 

peak) appeared to be random. 

F. NOISE REDUCTION 

Figure III-10 shows the average sensor and the infinite-velocity 

beam power spectra computed from  sample     NOI/315/17K for 17 sensors. 

Noise reduction achieved by beamforming is shown by the solid line and gen- 

erally is higher than 10 log (number of sensors),   the theoretical ranc y.n noise 

reduction shown by the horizontal line at 12. 3 dB.     The KSRS array response 

for an infinite-velocity beam showed 19 dB rejection at 0.47 Hz and 26 dB re- 

jection at 0. 64 Hz for 3. 6 km/sec Rayleigh-mode energy.    The increased noise 

suppression found here is,   therefore,   consistent with the presence of propa- 

|ating  surfrce-wave  energy fo  nd in subsection III-E. 

Table III-3 showt average sensor to infinite-velocity beam RMS 

power ratios for the six noise samples.     Boih unfiltered and standard-filtered 

results are shown along with the theoretical noise reduction.     The suppression 

was generally higher for unfiltered data than for the standard-filtered data due 

to the greater suppression of Rayleigh-mode noise in the frequency band from 

0.0 to 0. 5 Hz.     The standard-filter noise reduction was clo.'^ to 10 log (number 

of sensors) implying the dominance of random noise above 1 Hz.    Similar results 

were obtained for a north-looking beam at 15 km/sec which corresponds to an 

epicentral distance of 50 degrees. 
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TABLE III-3 

NOISE REDUCTION DUE TO BEAMFORMING 

Noise 
Samples 

Number 
of Sensors 

INI 

Noise Reduction (dB) 

Unfiltered 
Standard- 
Filtered 

10 log N 

NOI/305/05K 18 13. 1 14. 1 12.5 

NOI/315/07K 17 15. 1 12. 7 12. 3 

NOI/318/09K 17 13.7 12. 5 12. 3 

NOI/321/16K 17 14. 6 12.8 12. 3 

NOI/327/06K 19 17. 2 13. 8 12.8 

NOI/333/I4K 17 12.9 12.8 12. 3 

III-20 
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G. CONCLUSIONS 

Six KSRS noise samples,   covering November 1974,  had high 

spectral values in the 6 second microseismic band and a minor peak at 3. 2 Hz. 

The spectral shapes were very similar to those .c NORSAR except at 3. 2 Hz. 

No significant temporal or spatial variations in the noise spectra were observed 

in the band of interest.     The single-sensor RMS noise amplitudes had modal 

values of 5-7   mM.    Multiple coherence computations and filtered RMS noise 

amplitudes suggest that energy in the band below 0. 5 Hz was correlated and 

should be eliminated for best beamforming results.     The f-k spectral analysis 

indicates that the noise below 1 Hz was caused by Rayleigh-mode surface waves 

from the southeast while the noise above 1 Hz was random.    The average noise 

reduction due to beamforming was  13. 1 dB. 
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SECTION IV 

SIGNAL ANALYSIS 

A. INTRODUCTION 

Eight events  recorded by the KSRS array were analyzed to study 

signal characteristics.     The analysis included the following calculations: 

Signal  similarity among sensors 

Single-sensor amplitude variations 

Time-delay anomalies 

Spectral content 

f-k spectra 

Signal degradation 

SNR improvements using different beamforming methods 

Comparison of KSRS magnitudes (mj with NOAA and LASA 

magnitudes. 

A detailed description of plane-wave,   adjusted-delay,   and 

diversity-stack beams can be found m the Documentation of NORSAR Short 

Period Array Evaluation Software Package (Texas Instruments,   Inc. ,   1971); 

however,  a brief description of these beams is given here. 

The plane-wave beam represents the normalized sum of the 

traces from all  sensors after time shifting according to the sensor's geometric 

location in the array.     The adjusted-delay beam uses time shifts computed by 

crosscorrelating each sensor's trace with a reference sensor's trace over the 

signal gate.     The time shifts used are those giving the maximum crosscorrelation 

IV-l 
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coefficient.    The diversity-stack beam is formed using the adjusted delays and 

diversity-stack weights,   equal to the square roots of the signal power for the 

trace normalized by the sum of the weights for all traces. 

B. SINGLE-SENSOR ANALYSIS 

It Signal Similarity 

Qualitative estimates of signal similarity were made by visually 

comparing the unfiltered single-sensor waveforms of two Caspian Sea-Greece- 

Turkey events having high SNR's.    Signal similarity among sensors for these 

events (Figures IV-i and IV-2) was generally good over the entire trace.   Visual 

estimates of single-sensor signal similarity for the Kamchatka events were not 

possible due 10 their low SNR's. 

Using filtered data crosscorrelations were measured between 

sensors 1  and the remaining sensors over the signal gate; high-crosscorrelation 

coefficients implied good signal similarity.    The average crosscorrelation co- 

efficient for the Caspian Sea-Greece-Turkey events was 0. 92 between sensor 1 

and both inner and outer rings suggesting excellent signal similarity.   The Kam- 

chatka events,  in general,   had an extremely low average correlation coefficient 

of 0. 42 with the exception of event NKA/ 311/20K which had a correlation coef- 

ficient of 0. 82,    For all events ihe deviation of individual sensor crosscorrela- 

tion coefficients from the average value was small implying consistent simi- 

larity or lack thereof among sensors. 

2. Amplitude Variations 

Signal amplitude variations between sensors were relatively small. 

For example,  for the event GTU/318/15K,  the filtered zero-to-peak values var- 

ied from 15.7 mß   at sensor 14 to 26.6 mß   at sensor 18 and for the event SKA/ 

321/17K,   they varied from a minimum of 5. 1 m^   at sensor 19 to a maximum 

of 11. 3 m^i   at sensor 16.    For the eight events the maximum single-sensor 

zero-to-peak value had a 22. 9 m^   average,  and the minimum single-sensor 
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average was  13. 0 m/i .    There were no consistent correlations between sig- 

nal azimuth and sensors having the maximum or minimum peak values. 

Table IV-1  shows the ratio (in dB) of the largest to the smaller, 

sensor RMS signal level for all eight events.     The signal calculations were 

made over a 6. 4 second gate beginning just prior to the P-wave arrival.     The 

events are grouped by region,   and the sensors having the largest and smallest 

signal levels are also listed.    The average of the signal amplitude variations 

was  1. 3 dB,   as compared with 3. 0 dB obtained at NORSAR by Barnard and 

Whitelaw (1972).     The variations showed no regional dependence. 

C BEAMFORMING 

I, Time-Delay Anomalies 

Intersensor time-delay anomalies representing deviations from 

plane wave propagation were calculated by computing the crosscorrelation func- 

tions between sensor 1  and the remaining sensors using filtered data.   The traces 

were time-shifted over the signal gate until their crosscorrelation functions were 

maximized.    The time shift at which this occurred was chosen as the adjusted de- 

lay for that event.     A signal gate of 1.5 seconds was used in the computations. 

Table 1V-2 shows the anomalies for the Caspian Sea-Greece- 

Turkey events where consistent delays were obtained.    Individual sensor delay 

anomalies between events differed by a maximum of 0. 1  seconds.   In general, 

the average delay anomaly for each event was nearly zero. 

Consistent delays could not be obtained for the events from Kam- 

chatka listed in Table IV-3 where delay anomalies varied by as much as  1. 30 

seconds from event to event.     Two Kamchatka events had such low SNR's that 

the measured correlation reflected the random correlations found in noise ra- 

ther than true signal similarity.    This explains the inconsistencies of the delay 

anomalies found.    The delay anomalies for this event NKA/311/20K shown in 

Table IV-3 were calculated by picking the correlation peak nearest to the plane 

wave delays,  giving reasonable results.    More work is needed before conclu- 

sive results can be stated about the delay anomalies for nearby events. 
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TABLE IV-1 

MAXIMUM VARIATION OF SINGLE-SENSOR RMS CODA LEVELS ACROSS KSRS 

RMS 
Event mh Aü Azimuth Variation Maximum Minimum 

(Degree) max/min 
(dB) 

Sensor Sensor 

CAS/317/02K 5. 1 59.9 302.9 I. 2 11 2 

CAS/32I/15K 5. 7 59.7 290.8 1. 2 16 12 

CAS/331/16K 5.0 6 3.9 295.8 1. 2 17 10 

GTU/318/14K 5. 1 77. 3 309.2 1. 2 18 15 

GTU/3I8/I5K 5.Ü 77. 3 309. 1 1.2 18 14 

SKA/311/15K 4. 4 24. 1 47. 1 I. 5 8 15 

NKA/3I1/20K 4. 7 30.4 41.4 1.4 7 14 

SKA/321/17K 5.0 27. 2 41.2 1. 5 16 19 

Average variation (all events)  s   1.3 

Ü 
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TABLE IV-3 

DELAY ANOMALIES TOR THE KAMCHATKA EVENTS 

Delay Anomalies (Seconds) 

Sensor NKA/311/20K 
A =   30.4° 

Azimuth ■   i0. 4 

SKAM11/15K 
A -   27.2° 

Azimuth a   24. 2 

SKA/i21/17K 
A=   27.2° 

Azimuth ■   41.2 

1 0.00 0.00 0.00 

2 0.00 0.05 -0. 10 

3 0.00 0. 15 0.00 

4 0.00 0. 50 -0. 15 

5 0.00 0. 10 -0. 15 

6 0.00 -0.70 - 

7 0.00 - -0.75 

8 - -0   70 0.0 0 

9 0.05 0.05 0. 50 

10 0.00 0. 10 0. 50 

11 0.05 -0.05 -0.05 

12 -0.05 -0. 70 -0.05 

13 0.05 -0.05 0.00 

14 -0.05 -0.70 0.60 

15 0.00 0. 10 0.05 

16 - - 0. VO 

17 0.00 0.05 -0. 15 

18 0.00 -0. 60 -0.05 

19 0.00 -0.65 -0. 20 
i 
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2. Signal Spectral Content 

Signal spectral content was studied by computing power density 

spectra over a 6,4-jecond gate beginning just prior to the P-wave arrival.    The 

system response was not removed; however,   the spectra were normalized to 
2 

1  rrM  /HZ at 1.0 Hz. 

Figure IV-3 shows the average sensor and adjusted-delay beam 

spectra for event GTU/318/15K (SNR =   7,6).    The spectra peaked at approxi- 

mately 1.0 Hz and then dropped off rapidly at higher frequencies.    Signal loss 

and noise reduction as a result of beamforming are illustrated by the difference 

between the average se^'or trace and the adjusted-delay beam.Signal loss was 

quite small for frequencies between 1.0 and Z. 5 Hz. 

No definitive statement can be made about the spectral content as 

a function of region or SNR due to the insufficient number of events detected. 

3. Frequency-Wavenumber (f-k) Analysis of P-Wave Signals 

Maximum  likelihood f-k spectra for eight events were computed 

at 0. 63,   0.94,   1.56,   2.03,   2.50,   and 2. 97 Hz.     Two 6. 4-second segments were 

stacked in the computailon,   and 2 percent random noise was added.    Figure 

IV-4 illustrates the results for SKA/ 311/ 15K at 0. 94 Hz.     The great-circle 

azimuth to this event was 47. 1    and the Jeffrey s-Bullen( I-B) tables (Richter, 

1958) gave a phase velocity of 11. 1 km/sec for an event at its distance.     The 

dot on the f-k plane indicates the power density peak,   suggesting that energy wao 

propagating from 51     at 13.4 km/sec for this sample.     The -e results are in 

satisfactory agreement with the predicted ones,   considering the small number of 

segments stacked. 

Table IV-4    summarizes   the results of the f-k spectral analysis. 

In general they are consistent with propagation near the great-circle azimuth 

IV-9 
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FIGURE IV-4 

FREQUENCY-WAVENUMBER SPECTRUM FOR 
SKA/311/15K AT 0.94 Hz 
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at  velocities near those predicted by the J-B tables.     Variations from the pre- 

dicted values suggest the presence of scattering by geological inhomogeneities 

or of instability in the calculations due to the imaU number o: segments used, 

4. Signal Degradation 

The signal degradation is defined  as the ratio of the beam power 

to the average single-sensor power both calculated over a 6. 4 second p-wave 

gate.    Signal degradations for both broadband  and standard -filtered adjusted delay 

and plane wave beams are listed in Table IV-5.    Broadband degradations are not 

given for the Kamchatka events (due to SNR's less than 1.0 dB),   nor are adjusted- 

delay degradations given for events SKA/311/ 15K and SKA/321/17K due to in- 

valid delay anomalies. 

Average broadband signal degradation for the Caspian Sea-Greece- 

Turkey events was typically 1.6 dB for both the plane-wave and adjusted-delay 

beams.    Average signal degradation for these beams after filtering was 1. 3 dB 

for the plane-wave beam and 0. 9 dB for the adjusted-delay beam.     The Kamchatka 

events had average signal degradation of 1. SdB for the filtered plane-wave beam. 

In general,   average signal degradation for all events was  1.6 dB for broadband 

beams and 1. 3 dB for filtered beams,  and signal degradation was less for events 

having higher SNR's. 

5. SNR Improvements Due to Beamforming 

For eight events single-sensor signal powers over a 6, 4-second 

gate starting just before the signal arrival wore averaged over all operating 

sensors.    Noise powers for the same sensors over a longer gate starting approxi- 

mately 160 seconds and ending about 5 seconds before the signal arrival were 

also averaged.    From these results an average sensor SNR was computed and 

compared with similarily computed SNR's for the plane-wave,   adjusted-delay, 

and diversity-stack beam:,.      All beams were formed using the standard 

. 
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TABLE IV-5 

SIGNAL DEGRADATION (in dB) FROM AVERAGE SFN80R 
TO PLANE-WAVE AND ADJUSTED-DELAY  BEAMS 

. 

Event 
Average 
Sensor 

Plane-Wave Adjusted-Delay 
-. - 

SNR(dB) Unfiltered Filtered Unfiltered Filtered 

CAS/317/02K 10. 5 1.4 1.8 1. 3 1. 2 

CAS/321/15K 14. 1 3.5 1. 3 3. 3 1. 1 

CAS/331/16K 17.9 1.0 1. 3 0.7 0.9 

GTU/318/14K 16.0 1.9 1.2 1.8 0.9 

GTU/318/15K 17. 5 1.1 0. 7 1.0 0.6 

NKA/311/20K 9.9 - 1.4 - 1.6 

SKA/311/15K 7. 2 - 1.7 - - 

SKA/321/17K 5. 2 - 2. 3 - - 

IV-15 
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filter.     The invalid delay anomalies for the Kamchatka events (SKA/311/15K 

and SKA/327/17K) prevented the calculation of SNR improvements for the 

adjusted-delay and diversity-Jtack beams.     Table IV-6 displays the results. 

The plane-wave beam improvements averaged 11.8 dB for all 

eight events and showed no significant regional variations.     The adjusted-delay 

beam improvements averaged 11, 8 dB for the Caspian Sea-Greece-Turkey 

events and event NKA/311/20K. 

The diversity-stack beams had SNR's very similar to the SNR's 

of the adjusted-delay beams,   since diversity-stack beamforming gives signifi- 

cant improvements only when the signal powers of the sensors are greatly 

different and that was not the case here. 

Without signal degradation the overall single-sensor to plane- 

wave beam noise reduction would have given an average   improvement of 13.4 

dB (average plane-wave signal degradation plus average plane-wave beam SNR 

improvement).     This result agrees very well with the noise reduction due to 

beamforming of 13. 1 dB obtained from the analysis in subsection II1-F. 

6. Comparison of KSRS mb Estimates With NOAA and LASA m   's 

KSRS mb values were measured for the eight events using the 

formula 

m. log   -   +   B 

where 

A   is the maximum peak-to-peak signal amplitude in m)a on the 
plane-wave beam correlated for instrument response 

T   is the period of the cycle with the maximum amplitude 

B   is the distance factor. 

Values for B are shown in Table IV-7 and are the same as used at NORSAR 

(Barnard and Whitelaw,   1972). 

I 
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TABLE IV-6 

ARRAY BEAM SNR IMPROVEMENTS (dB) 
RELATIVE TO AVERAGE SENSOR 

Event 

Average 
Sensor 

SNR(dB) 

Plane- 
Wave 

Adjusted- 

Delay 

Diversity- 
Stack 

CAS/317/02K 10. 5 11.2 10.6 10. 5 

CAS/321/15K 14. 1 12. 1 12.5 12. 1 

CAS/331/16K 17.9 11.8 12. 1 10.7 

GTU/318/14K 16.0 12.0 12.0 11.7 

GTU/318/15K 17.5 11.9 12.0 11.8 

NKA/311/20K 9.9 11.6 11.4 11. 1 

SKA/311/15K 7. 2 11.6 8.3 8.4 

SKA/32i/17K 5.2 11.8 8.8 8.7 
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TABLE IV-7 

DISTANCE FACTOR (B) FOR COMPUTING KSRS mb VALUES 

Distance 

Degrees 
B 

Distance 

Degrees 
B 

Distance 

Degrees 
B 

0 

1 0. 50 35 3. 34 69 3. 48 

2 1. 50 36    i 3. 34 70 3.49 

3 2. 50 37 3. 34 71 3. 50 

4 2. 55 38 3. 33 72 3, 50 

5 2.76 39 3. 33 73 3. 51 

6    i 2.90 40 3. 32 74 3. 51   I 

7 3.02 41 3. 32 75 3. 52 

8 3. 10 42 3. 32 76 3. 53 

9 3. 15 43 3. 33 77 3.53  i 

10 3.20 44 3.33 78 3. 54 

11 3.23 45 3. 34 79 3. 54 

12 3.25 46 3. 34 80 3.5S 

13 3.26 47 3. 35 81 3. 56 

14 3.26 48 3. 36 82 3. 57 

15 3.25 49 3. 36 83 3. 58 

16 3.21 50 3. 37 84 3. 59 

17 3. 10 51 3. 37 85 3.61 

18 2.98 52 3. 38 86 3.64 

19 2.79 53 3. 39 87 3.66 

20 2.77 54 3. 39 88 3.68 

21 2.80 S5 3.40 89 3.72 

22 2.85 56 3. 40 90 3. 76 

23 2.94 57 3.41 91 3. 80 

24 3.04 58 3. 42 02 3. 8T 

25 3. 15 59 3.42 9 3 3.90 

26 3.24 60 3. 43 94 3. 96 

27 3. 34 61 3.44 95 -i.02 

28 3.42 62 3.44 96 4.11 

29 3.44 63 1.45 97 4. 19 

30 3.42 64 3.45 48 4. 28 

31 3. 38 65 3.46 99 4.40 

32 3. 36 66 3.46 100 4. 56 

33 3. 36 67 3.47 - - 

34 3. 35 68 3.48 - i 
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Figure IV-5 is a plot of KSRS I^'l   versus NOAA mb's (cirries) 

or LASA m   ^(squares).     The KSRS mb's are generally somewhat smaller than 

the LASA and NOAA m^i.    This negative bias of approximately 0. 3 magnitude 

units may be attributable  to  atypical local geologic structures or to incorrect 

B values.    More data are necessary before this discrepancy can be fully ex- 

plained and any regional dependencies can be found. 

D, CONCLUSIONS 

Signal srmilarity was good for the Caspian Sea-Greece-Turkey 

events but not for the Kamchatka events.    RMS   coda amplitude variations aver- 

aged 1. 3 dB between sensors from event to event.    Time-delay anomalies for the 

Caspian Sea-Greece-Turkey events were consistent and essentially zero; 

The cross-correlation coefficients for the Kamchatka events were often very 

low resulting L» questionable delay adjustements  of as much as   1. 3 seconds. 

Spectra for the eight events were very similar to typical spectra at NORSAR 

with dommant spectral peaks occurrmg below 1. 5 Hz..    Frequency-wavenumber 

spectra were consistent with propagaüon near the great-circle azxmuth at vel- 

ocities near those predicted by the J-B tables.    Average broadband signal de- 

gradation for the Caspian Sea-Greece-Turkey events was 1.6 dB for both the 

plane-wave and adjusted-delay beams while average degradation after   filtermg 

was 1. 3 dB for the plane-wave beam and 0.9 «3 for the adjusted-delay beam. 

The Kamchatka events had an average Hltered signal degradation of 1. 8 dB 

for the plane-wave beam.    SNR .mprovements averaged II. 8 dB for the plane- 

wave beam.    In general,  adjusted-delay and diversity-stack bcamforming 

yielded no significant SNR  improvements  over plane-wave bcamforming. 
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.. SECTION V 

PRELIMINARY ESTIMATION OF THE KSRS SP 
DETECTION  THRESHOLD 

li 

u 
Q 

[J 

II 

1! 

: 

Tnis section present! a preliminary estimate of the KSRS SP 

array detection threshold.     The method used was a maximum likelihood pro- 

cedure that estimated the array detection threshold by comparison with an 

independent reference.     The basic assumptions m the procedure are that the 

detection curve belongs to some general  class of Gaussian functions and the 

selection of the reference events is entirely random (Ringdal.   1974).     The 

general procedure in estimating the detection curve is as follows: 

• Obtain a reference set of randomly selected events of various 

magnitudes 

Make a decision as to whether or not  the events were detected 

Maximize the likelihood   function for the observed pattern of 

detections and nondetections to find the values of the detection 

curve. 

From the ensemble of  36 available events,   ten events were de- 

tected by automatic   procedures and ten by visual means.    The histogram of the events 

detected or not detected versus magnitude and the maximum likelihood detecta- 

biiity curve are shown in Figure V-l.     The ^0 percent threshold estimate was 

4. 39 + 0. 10 magnitude units while the 90 percent threshold estimate equaled 

4. 90+0. 18.    Caution must be used in evaluating the confidence limits for these 

estimates.     The maximum likelihood estimation procedure is sensitive to bad 

data points and to small distributions that are not Gaussian,   and a  statistical 

population of 36 everts is probably inadequate for reliable conclusions. 
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SECTION VI 

SUMMARY AND CONCLUSIONS 

Resultf  and conclusions concerning the performance of the 

KSRS SP array are or »seated below. 

KSRS had useable data for only 36 teleseismic events from a data 

base of 123 Eurasian events recorded during 29 April 1973 to 26 July 1973 and 

November 1974.    Eight seismic events,   five from the Caspian Sea-Greece- 

Turkey region and three from the Kamchatka region,  had SNR greater than 5.0 

(dB) and were used in the signal analyses.    Nineteen useable noise samples 

vere obtained from the November 1974 data;  six of these noise samples were 

analyzed for .his report.    Data quality of the useable signal and noise samples 

was   very   good.     Sensors  5,   7,   10,   16,   and 17 were responsible for the majority 

of the data losses; however,   on the average,   17 sensors were operational.     There 

were essentially no r-ipikes or clipped peaks in the data. 

Major results and conclusions are: 

1. Data Base 

• The November data was significantly superior in quality to 

the data from 29 April  1973 to 26 July 1973. 

2. Noise Analysis 

The noise spectra both with and without correction for 

instrument response were very simple with major peaks 

occurring in the 6-second microseismic band and rapidly 

decreasing amplitudes at shorter periods.    A minor peak 

(30 dB lower than the peak at 0. 16 Hz) occurred at 3. 2 Hz; 

VI-1 
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this peak was not found in the NORSAR noise spectra.    No 

significant temporal or spatial variations in the noise 

spectra were observed. 

Single-sensor RMS noise amplitudes averaged  JV«re 10,9 m,ifor 

unfiltered data and   1.6   mfi for filtered data.    This Ls 

approximately three times higher than the corresponding 

amplitudes at NORSAR. 

Multiple coherence levels were relatively low at all fre- 

quencies above 0. 5 Hz.     For effective calculations of SNR's, 

elimination of low frequency energy is essential. 

Frequency-wavenumber spectral analysis suggested that 

noise energy below 1 Hz was caused by Rayleigh-mode 

surface waves from the southwest and northeast while noise 

energy above 1 Hz wa.«  random. 

Noise reduction achieved by beamforming was slightly higher 

than theoretical random noise reduction due to the excellent 

suppression of th • dominant propagating surface-wave energy 

found at low frequencies. 

3. Signal Analysis 

Signal similarity,  observed visually and calculated from 

crosscorrelation techniques,   was quite good for the Caspian 

Sea-Greece-Turkey events.     The Kamchatka e\ents generally 

had poor signal similarity. 

Signal amplitude variations between sensors were relatively 

small with an average variation of 1. 3 dB.    Peak-to-peak 

variation at single sensors averaged 4. 9 dB for all events. 

II 
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Time-delay anomalies were consistent and nearly zero for 

the Caspian Sea-Greece-Turkey everts.     The nearby Kam- 

chatka events had inconsistent and invalid delay anomalies 

caused by low SNR's. 

Eurasian signals usually had similar spectral shapes and 

substantial amounts of high frequency (to approximately 2 

Hz) energy.    In general,   KSRS spectra   were very similar 

to spectra   measured at NORSAR.     The limited ensemble 

of events prevented any determination of regional dependence. 

The frequency-wavenumber spectral analyses were con- 

sistent with propagation near the great-circle azimuth at 

velocities near those predicted by the Jcffreys-Bullen tables. 

Array beamforming signal degradation for all events averaged 

1. 6 dB for the filtered plane-wave beam.     The average degra- 

dation for the adjusted-delay beam was 1. 3 dB for the events 

having consistent delay anomalies.    Signal degradation was 

less for events having higher SNR's. 

The plane-wave beam improvements in SNR averaged 11.8 

dB for all events and had no significant regional variations. 

The adjusted-delay beam improvements averaged 11.8 dB. 

These values after correction lor  signal degradation were 

almost equal to the theoretical SNR improvement,   10 log 

(number of sensors  = 17),  or  12. 3 dB.  In general,  no signifi- 

cant SNR improvements were obtained by adjusted-delay and 

diversity-stack beamforming   over plane-wave beamforming. 

KSRS rn   's averaged about 0. 3 magnitude units less than 

LASA and NOAA "V's.     This negative bias may be attribut- 

able   to   atypical local geologic structures or to incorrect B 

values. 

VI-3 

■HMMMaHM ^,„__ 



iwiji.g ii   i i< (p M iw i.iwßmtw*-**ir*mvimummr''mm ". mumut im inini»^«i»w-, ■m -   I*IWWWW^I»»»I«»IIUIII,^II iw««ii)iiiii .1. w^mmmmm 

• For detection of Eurasian events, a bandpass filter with 

approximate corner frequencies at 1. 0 and 2. 5 Hz and a 

very sharp rolloff at low frequencies appears to be optimum. 

4. KSRS Detection Threshold 

• A maximum likelihood procedure was used to estimate the 

KSRS detection threshold from a data base of 36 teleseismic 

events.     The 50 percent threshold estimate was 4. 39 + 0. 10 

magnitude units while the 90 percent threshold estimate was 

m    a   4. 90 jf 0. 18.     These results are probably unreliable 

due to the small data sample used. 
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